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We report the splitting of an oscillating DNA circuit into ∼ 700 droplets with picoliter volumes.
Upon incubation at constant temperature, the droplets display sustained oscillations that can be
observed for more than a day. Superimposed to the bulk behaviour, we find two intriguing new
phenoma – slow desynchronization between the compartments and kinematic spatial waves – and
investigate their possible origins. This approach provides a route to study the influence of small
volume effects in biology, and paves the way to technological applications of compartmentalized
molecular programs controlling complex dynamics.
Recent progresses in molecular engineering have al-
lowed the construction of synthetic biochemical systems
that display subtle dynamics such as oscillations or multi-
stability [1–4]. The building of such molecular programs
from scratch yields a unique glimpse of the challenges and
locks that evolution had to overcome in its drift towards
more and more complex life forms. Moreover, the inher-
ent biocompatibility of these chemical circuits supports
their use to monitor and control biological processes.
Compartmentalization of these man-made dynamic
systems would offer tantalizing additional possibilities.
Cell-sized compartments (∼ 1 − 100 µm) may provide a
model of biotic or prebiotic organization [5]. For ex-
ample, stochastic effects arising from low numbers of
molecules in small spaces are very important in biol-
ogy [6, 7], but hardly explored outside of living sys-
tems. Synchronization of many autonomous elements
using quorum sensing provides another example [8].
Beside these basic biological motivations, micro-
compartmentalization is also the obvious way forward for
the exploration of man-made molecular circuits. First, it
permits the running of hundreds of circuits using vol-
umes that would have yielded a single experiment oth-
erwise. Such high-throughput will be required to tune
the many parameters controlling the behavior of molec-
ular assemblies. Even in the case where all the compart-
ments possess an identical “program”, compartmental-
ization may yield new analytical concepts such as digital
PCR [9]. Second, splitting - and later establishing con-
trolled connections between - spatially distributed molec-
ular circuits may unleash the computing power of molec-
ular programs [10] by removing cross-talks and allowing
the reuse of modules.
Yet, compartmentalization and long-term monitoring
of biochemical reactions in micro-compartments has been
difficult to achieve. Indeed, the reactions involved must
run sustainably in closed systems and the potentially
detrimental effects of large surface/volume ratios and
FIG. 1. a) Water-in-oil droplets are generated inside a PDMS
chip with a flow-focusing junction. b) Droplets are then trans-
ferred to a glass chamber sealed with araldite for incubation
and observation. c) The chamber is placed under a heated
stage and observed by fluorescence microscopy.
leaks need to be tightly controlled.
While biochemical systems with a simple dynamic
such as qPCR were monitored in droplets [11], out-of-
equilibrium biochemical circuits pose distinct and addi-
tional challenges. PCR is driven sequentially by an exter-
nal operator, uses only a single enzyme and lasts rarely
more than 45 minutes. By contrast, our dynamic systems
display oscillatory behaviour, are fully autonomous, re-
quire 3 enzymes, and last for days.
More importantly, sustainability of oscillations de-
pends on a much more delicate balance between reagents,
buffer and temperature than PCR. Most biochemical as-
says typically consist in a simple relaxation toward a sta-
ble steady state, but oscillations arise from the destabi-
lization of all steady states, which requires tight control
over reaction parameters.
Here we report the compartmentalization and day-long
tracking of 700 oscillators into picoliter droplets. This
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2represents an increase of throughput by two orders of
magnitudes and a decrease of volume by 4 orders of mag-
nitudes compared to the literature on synthetic DNA sys-
tems1. We show that with an experimental setup mini-
mizing evaporation, droplets act as independent chemical
containers that satisfyingly reproduce bulk conditions.
Moreover, compartmentalization also reveals two strik-
ing phenomena that may remain hidden in bulk: slow
desynchronization and kinematic spatial waves.
We use here a recently reported synthetic biochemical
oscillator [12]. While simple to prepare and well char-
acterized, it involves subtle enzymatic kinetics, which
should put a stringent test on the use of droplets as com-
partments. The biochemical system reproduces the eco-
logical predator-prey mechanism: molecular preys catal-
yse their own replication, but also serve as fuel for the
replication of their molecular predators. Both prey and
predators are continuously degraded by an exonuclease.
This system results in robust oscillations, which are mon-
itored via the fluorescence intensity of a dye bound to the
DNA template encoding the circuit [13].
Droplets were generated by a flow-focusing junction
fabricated in a PDMS chip. For each run, we generated
thousands of droplets from the same reactive mix. The
droplets were then transferred to a chamber, which was
formed between two glass slides sealed by araldite. The
chamber was kept at constant temperature (45.5 ◦C) by
placing it under the heated glass plate of a microscope
stage equipped with a temperature controller (Fig. 1).
A field of view contained about 1000 droplets (movies
in ESI). While the oscillations lasted for 2 days, we re-
stricted the analysis to one day in order to increase the
number of trajectories successfully tracked [14–16].
Fig. 2a shows a representative field of view and time
traces for the fluorescence of droplets. Most droplets are
monodisperse, with a diameter of ∼ 100 µm and a disper-
sion of ∼ 15%. This corresponds to a volume of ∼ 500
picoliters, which is 4 orders of magnitude smaller than
bulk reaction volume (20µl). A few droplets are signifi-
cantly larger, which may result from coalescence during
the generation and transfer of droplets. The fluorescence
of the majority of droplets oscillates, and the oscillation
of each individual droplet is similar to the bulk control.
The collective behaviour was more surprising: spatial
waves move across the chamber while slow desynchro-
nization ultimately sets each droplet’s fluorescence on a
seemingly independent trajectory (Fig. 2b). Since the
contents of all droplets derive from the same mix, we ex-
pect them to be initially synchronized. Indeed, noting
Ti the time required to reach the i
th peak (Fig. 2a), we
measure a standard deviation of 7 minutes for T1. After
15 hours, the standard deviation of T7 had increased to
35 minutes (25% of the mean period). At this point no
coherence can be visually detected in the droplet pop-
ulation. We tested if this desynchronization was spe-
cific to compartmentalization or also existed in bulk. In
20 µl tubes, we observed a similar albeit less pronounced
desynchronization (S8, ESI). This common desynchro-
nization points to the influence of an external factor such
as temperature on the period of oscillations. We charac-
terised the sensitivity of oscillator to temperature in bulk
(S9, ESI) and found that an increase of temperature of
2 ◦C lengthens the period by 25%.
Desynchronization is not spatially random, but man-
ifests itself initially as travelling waves (movies M1 and
Fig. 2a). One may misinterpret spatial waves as the re-
sult of diffusive transport of reagents. However, pseudo
(also called kinematic) waves may appear when prop-
erties determining phases or periods vary spatially [17].
In view of the temperature-sensitivity of the oscillator,
a gradient of temperature could not only desynchronize
the droplets, but also generates kinematic waves.
The kinematic wave model predicts in particular a
wave speed inversely proportional to the wave number,
which we observed experimentally (Fig. 1c, S11 ESI).
The kinematic model also implies a thermal gradient of
0.3 K mm−1, which agrees with the measured gradient of
0.15 K mm−1 (S10, ESI).
On the contrary, the experimentally observed speeds
of the waves do not support a model where waves are
caused by diffusion of DNA strands between droplets.
This model would be consistent with a time for droplet-
to-droplet diffusion of ∼ 5 minutes (S11,ESI).
This timescale is 2 orders of magnitude larger than
the diffusion of a smaller molecule (fluorescein) be-
tween droplets stabilized by a more permeable surfactant
(Span-80) [18]. The timescale is also incompatible with
the possibility of digital PCR in droplets (which lasts 30
minutes) [19].
To further test that diffusion between droplets was
negligible, we prepared two populations of oscillating
droplets with a delay between them. One population
was pre-incubated at reaction temperature (45.5 ◦C) for
approximately half a period, thus allowing the oscilla-
tion to progress. The remaining population was kept at
room temperature where reactions are much slower. The
two populations were then mixed and incubated together
on stage. If diffusion between droplets is negligible, the
delay between the two populations of droplets should
persist over time. The movie M2 shows the sustained
presence of two populations. Fig. 3b shows the distri-
bution of time-to-peak for this experiment. The initial
delay is clearly observable from the shape of T1, where
the populations are easily distinguished. This bimodal
distribution was maintained at least until T6 despite the
widening of both populations (overall standard deviation
of 16 minutes at T1 versus 51 minutes for T6, compared
to 7 and 29 minutes for T1 and T6 (in Fig. 3a).
This population stability supports the functioning of
each droplet as an independent reactor. The kinematic
waves suggest that droplets are essentially identical but
placed in a thermal gradient. Yet, some droplet-specific
3FIG. 2. a) Microscopy images showing the first kinematic spatial wave. The arrow indicates the travelling direction (colours
reflect the intensity of fluorescence). The temperature is set at 45.5 ◦C. b) Top. Superimposed fluorescence traces of all
successfully tracked droplets (690 traces). The dashed box indicates the peak corresponding to the wave shown in a). Bottom,
bulk fluorescence of the oscillator (set at the same temperature) measured in a 20 µl tube in a qPCR machine. c) Wave speed as
a function of the wave number, fitted with a kinematic wave model (S11, ESI). d) Kymograph showing the desynchronization
of a column of droplets lying on the same initial wavefront (column indicated by a vertical line in a)).
FIG. 3. Distribution of Ti, the time it takes for the fluores-
cence of a droplet to reach its ith (extinction) peak, measured
from the beginning of the recording. a) Histogram of Ti for
the 690 traces from Fig. 2b, for the first 7 peaks. b) His-
togram of Ti for 59 traces of a mixed-population experiment
where the oscillations of one population are delayed compared
to the other. The black line shows the best fit with a single
(a) or two (b) Gaussian distributions to each peak.
desynchronization is also visible in the movies (Fig. 2d)
and we cannot rule out that intrinsic factors such as
stochasticity or partitioning noise play a role in the ob-
served dynamic. Predator-prey oscillators are nonlinear
and their autocatalytic loops may amplify minute dif-
ferences or fluctuations between droplets. Noise-induced
stochasticity is an important determinant of biological
circuits dynamic.
In conclusion, the picoliter droplet-based compart-
ments used here satisfactorily reproduce the behaviours
observed in bulk, in spite of reducing volumes by a fac-
tor of 104. Therefore this approach may open the high-
throughput experimental exploration [20] of the range
of dynamics displayed by synthetic molecular programs
when varying their control parameters. Another interest-
ing direction would be to engineer a form of controlled
molecular communication between the droplets in order
to trigger and tune the onset of collective behaviours4. A
further shrinking in size would better match the dimen-
sions of biological cells and provides a unique platform
to study the impact of small molecule numbers on the
dynamics of dissipative reaction networks.
Compartmentalized oscillators also offer an in vitro
model to investigate pattern-formation in biology. Kine-
matic waves clearly illustrate that spatio-temporal pat-
terns - ubiquitous in biological development- need not
arise from a reaction-diffusion mechanism, but may also
originate from a spatial gradient of parameters. Pur-
posely tailoring spatial gradients of parameters will offer
a route to create novel classes of patterns.
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